INTRODUCTION
Metazoan mitochondrial genomes are generally small in size (12 -20kb) and encode [36] [37] genes (BOORE, 1999) whose products contribute to the processes of electron transport, oxidative phosphorylation, and mitochondrial protein synthesis. Much larger genomes (up to 43 kb) have occasionally been described and their expanded sizes are usually the result of duplications of mitochondrial DNA (mtDNA) sequences, rather than increased gene content (FULLER and ZOUROS, 1993; BOORE et al. 2005; DELLAPORTA et al. 2006) . A comprehensive survey of animal mitochondrial DNA size polymorphism revealed that small, incremental mtDNA length variation is common among conspecifics; much of this variation is caused by copy number variation of short, non-coding tandem repeat arrays, often confined to the main replication control region of the molecule (LUNT et al. 1998) . Larger size variations also occur among animal mtDNAs, but at much lower frequencies (GACH and BROWN, 1997) .
We report here an atypically large and hypervariable mtDNA found in the nematode Thaumamermis cosgrovei, an obligate parasite of the terrestrial isopod Armadillidium vulgare (POINAR, 1981) . In a study of more than 100 T. cosgrovei individuals from several geographically isolated populations, we found that this mitochondrial genome is strikingly variable in size (TANG and HYMAN, 2005) ; individual nematodes maintain haplotypes ranging from 19 kb to 34 kb. Surprisingly, no two individuals appear to share the same haplotype, and we have employed the term "hypervariation" to describe this observation. Mitochondrial genome size-heteroplasmy within some individuals was also observed. To understand the molecular basis of hypervariation among T. cosgrovei mitochondrial genomes, complete nucleotide sequences of two T. cosgrovei mtDNA haplotypes have been determined. Our data revealed that T. cosgrovei mtDNA can be divided into a constant region and a hypervariable region. It is the hypervariable region that contributes exclusively to T. cosgrovei mtDNA size variation, as within this locus, mtDNA coding and putative non-functional sequences have been duplicated and rearranged to varying extents. Different copy numbers, sequence rearrangement and extensive nucleotide substitutions within these repeated elements give rise to size-polymorphism and sequence divergence among T. cosgrovei mtDNAs.
The extensive and frequent mtDNA size variation in T. cosgrovei may also provide the key to a better understanding of its life history. For T. cosgrovei, no information is available as to the mechanism of isopod infection and dispersal. Infrequently, a single isopod host is multiply infected with two to 16 juvenile nematodes. Hypervariable mtDNA haplotypes can be used to test whether individuals parasitizing the same host are the result of spatially or temporally separate infection events.
MATERIALS AND METHODS

Nematodes:
Isopod hosts were collected from the Botanic Garden on the University of California-Riverside campus, and from private yards in Riverside, Highland, and Rancho Cucamonga, CA. The isopods were bent backward by hand, splitting the exoskeleton, and submerged into 0.15 M NaCl. Slim white J3 stage nematodes emerged from the thoracic cavity of the host and were transferred with a dental pick into fresh saline.
DNA isolation:
A rapid alkaline lysis procedure was employed to prepare an enriched population of circular molecules from nematodes that was suitable template for rolling circle amplification (RCA) reactions, as described previously (TANG and HYMAN, 2005) .
Thaumamermis cosgrovei total genomic DNA was purified from individual nematodes using a mini-lysate procedure (POWERS et al. 1986 ) and used for hybridization analysis and as template in conventional PCR amplifications.
PCR amplification: Primer pairs were designed based on conserved nematode cytochrome oxidase subunit 1 (cox1), large mitochondrial ribosomal RNA (rrnL), cytochrome b (cob), and ATP synthase F 0 subunit 6 (atp6) gene sequences and are listed in Table1.
Regions between rrnL and cox, cox1 and cob, and cob and atp6 were amplified by long distance PCR (Expand  TM 20kb plus kit, Roche, Mannheim, Germany). Long-PCR amplifications were performed in 50 μl reactions with 38.5 μl sterilized distilled water, 5 μl 10 X Expand PCR reaction buffer (with 22.5 mM MgCl 2 ), 2.5 μl 10 mM dNTP, 1 μl of each primer (10 μM), 1 μl DNA template prepared by a mini-lysate procedure (POWERS et al. 1986) , and 1 μl Expand Long (Fig. 1C) ; thus, the size of the hybridized PstI fragment represents the length of complete mitochondrial genome in each genomic digest. As shown in Figure 1A , size of the hybridized PstI fragment varies considerably among individuals, indicating mtDNA length heterogeneity within the population.
Four of the nine T. cosgrovei individuals examined here are heteroplasmic for two distinct size classes of mtDNA (Fig. 1A , lanes 2, 4, 6, and 9); typically in these heteroplasmic individuals, one mtDNA size class is present in substoichiometrical yields. Another restriction enzyme, EcoRI, is known to cleave the molecules at six invariant sites located within a 2.7 kb region (between positions 4,705 and 7,371) (Fig. 1C) . Comparison of the hybridization profiles of PstI and EcoRI digests from the homoplasmic individuals revealed that EcoRI might also cleave at one additional position in mtDNAs of some individuals. The size of the hybridized EcoRI fragment (Fig. 1B, lanes 4 , 5, 8, 9, 10) or the sum of sizes of the two hybridized EcoRI fragments (Fig. 1B, lanes 1, 2, 3, 7) represents the length of the complete mtDNA circle minus 2.7 kb of common sequence (the five small bands that have migrated off the bottom of the gel).
The hybridization profiles in Figure 1A and 1B revealed the presence of mtDNA sizepolymorphism and that numerous haplotypes are maintained in the T. cosgrovei isolate found on Rolling circle amplification of complete T. cosgrovei mitochondrial genomes (TANG and HYMAN, 2005) provides a more vivid demonstration of mtDNA size variation ( Fig. 2A and 2B ).
A complex array of restriction products was obtained when the RCA products amplified from pooled T. cosgrovei template were digested with BglII ( Fig BglII digestion of RCA products from the eight individual nematodes gave simpler patterns composed of seven to nine visible bands that often represent a subset of the fragments observed when pooled template was employed. On occasion, bands derived from individual haplotypes do not match fragments found in the pool. This is likely the result of sampling a limited number of nematodes to create the mixture. There are only two BglII restriction products shared by all the individuals sampled, sized at 4.6 kb and 1 kb. Determination of the complete nucleotide sequence of two haplotypes reveals two additional shared bands of 385 and 217 bp, positioned between rrnL and cox1 (Fig. 1C , not visible on the gels displayed in Fig. 2) . The size and distribution of other BglII bands differ among individuals. Some additional bands are shared by many of the individuals (Fig. 2, dashed arrows) , while others may be unique or infrequently shared among individuals (Fig. 2, diamond arrowheads) . Nucleotide composition: The A+T content of T. cosgrovei mtDNA is 71.36% and 71.33% for haplotypes I and II, respectively. A+T composition is evenly distributed along the genome.
Sequence of the constant mtDNA region is composed of 71.72% A+T. The A+T content decreases slightly to 70.79% and 70.81% in the hypervariable regions of haplotypes I and II.
Protein-coding genes:
Most mitochondrial protein genes in T. cosgrovei are modestly shorter than orthologs in other nematodes except when compared to those of Xiphinema americanum, which maintains the smallest nematode mtDNA described to date (HE et al. 2005 ). Eleven protein-coding genes use the standard start codons typical of invertebrate mitochondrial genes (ATT, ATA, ATG and TTG) as their translation initiation codons, while an ATC codon was predicted to occur at the beginning of the T. cosgrovei cox2 gene. While not used as an initiation codon in other nematodes studied to date, ATC has been predicted as the start codon for some mitochondrial protein-coding genes in arthropods (STANTON et al. 1997 and KIM et al. 2006) , which are considered close relatives of the nematodes as both are pseudocoelomates (ADOUTTE et al. 1999 ).
Ten of the twelve protein coding genes (atp6, cob, cox1, cox2, cox3, nad1, nad4, nad4L, nad5 and nad6) employ a complete translation termination triplet codon (either TAA or TAG).
Two others (nad2 and nad3) appear to use only a template encoded "T", which can be converted to a complete stop codon TAA by polyadenylation (OJALA et al. 1981) .
Each amino acid in T. cosgrovei mtDNA is represented as either a two-or four-codon family, except for leucine and serine, which are specified by a combination of two families. Within each codon family, codons with either A or T in their third position are used more frequently. The most abundant acids encoded by T. cosgrovei mitochondrial genome (supplemental Table 1 Figure 1B at http://www.genetics.org/supplemental/); therefore, atp6-1 is considered a pseudogene. There are two copies of atp6-1 in haplotype I and three copies in haplotype II (Fig. 3B ). atp6-2 is composed of 217 bp and its sequence is identical to that of the 5' 217 bp of atp6-1. Only one copy of atp6-2 is found in the hypervariable region of either haplotype I or II. atp6-3 is 106 bp in length. Four insertions and 18 substitutions (10 transitions and 8 transversions) can be identified when its sequence is aligned to that of 5' portion of the intact atp6 gene, rendering this copy a pseudogene as well. atp6-4, 65 bp in size, presents a further degenerated copy of the atp6 gene. Its 3' 32 bp nucleotide sequence is the same as that of atp6-3 while the 5' 33 bp have undergone substantial substitution (supplemental Figure 1A at http://www.genetics.org/supplemental/).
The intact, functional nad4 gene copy is located 5' to the intact atp6 gene copy within the common skeleton (Fig. 3) . The nad4 gene is also duplicated multiple times in the hypervariable region (three times in haplotype I and four times in haplotype II). The duplicated copies are direct, interspersed copies as with the atp6 gene family copies ( There are two intact copies of trnF, trnV, and trnH in both mtDNA haplotypes of T.
cosgrovei, located within the hypervariable region. Interestingly, phenylalanine, valine and histidine are not the most frequently used amino acids in T. cosgrovei mitochondrial proteome (9.53%, 6.12% and 1.89%; supplemental Table 1 Hypervariable region in the two fully characterized haplotypes: The hypervariable region reveals a complicated organization; segments within this expanse can be catalogued into nine elements (gene families atp6, nad4 and rrnS as described earlier and apparent non-coding elements A, B, C, D, E, F), some of which can be further divided into sub-types (as with atp6-1 to atp6-4) ( Fig. 3 and Table 2 ). All repeated sequences are arranged as direct repeats, but not positioned as tandem arrays.
Repeated elements A, B, C, D, E, and F vary between 91 bp to 293 bp in size and range from 64% to 74% in A+T content (Table 2) . No significant nucleotide sequence similarities have been detected among these repeated elements nor with any known sequences deposited in the public databases.
There are two sub-types of repeated element A. A-1 is 293 bp in length and is usually adjacent to the 3' end of the atp6 gene or its pseudogenes (Fig. 3) . The trnV gene is situated within element E, which is 91 bp in length. There are two copies of the element E in each haplotype.
The element F, 174 bp in length, is present once in haplotype I and twice in haplotype II.
Size variation between haplotype I and II can be ascribed to the difference in the number of copies of these repeated elements. There is one extra copy of each of the five repeated elements (atp6-1, atp6-4, nad4, Type A-1, and F) in haplotype II and the sum of their size (1,593 bp) exactly represents the size difference between mtDNA haplotype I and II.
Other characterized fragments from the hypervariable region: Four additional segments within the hypervariable region have been identified based on restriction enzyme analysis after amplification from template obtained from pooled T. cosgrovei nematodes; these cannot be assigned to either haplotype I or II (Fig. 3C ). These fragments include 1.65 kb BglII, 1.65 kb HindIII, and 1.25 kb HindIII fragments that are composed of the same set of direct repeated elements detailed above but not syntenic with that in haplotype I and II. Typically, there is only one copy of the functional atp6 gene, located in the common skeleton, 5' of hypervariable region as found in the two fully characterized haplotypes (Fig. 3A) . However, a complete atp6 gene copy can also be embedded within the hypervariable region (as in 1.25 kb and 1.65 kb HindIII fragments) of some T. cosgrovei mtDNAs. The 1,555 bp HindIII fragment (Fig. 3C ) contains complete or deleted rrnS copies in both direct and inverted orientations relative to element F.
The region from nucleotide 628 to 969 is identical to the last 342 bp of rrnS 3' and therefore represents a pseudo-rrnS. DNA sequence from position 449 to 627 in this 1.5 kb element is the 3' 179 bp of repeated element A and is in inverted direction compared to pseudo-rrnS. Repeated elements C and E are also found in a reverse orientation within this fragment. (LE et al., 2000; DREYER and STEINER, 2004) .
Molecular Evolution of the Hypervariable Region
The hypervariable region in T. cosgrovei mtDNA is of unparalleled complexity among metazoan mtDNAs, resulting in length polymorphism generating haplotypes that are not shared between individuals and not duplicated in reproductively isolated populations. The repeated region contains several active and putative pseudogene copies that vary in copy number among different mtDNA haplotypes. These gene copies are not arranged in tandem, a departure from the most common form of animal mtDNA size-polymorphism, which is often related to a variable number of tandem repeats (VNTR) (LUNT et al. 1998) . Interestingly, repeats arranged in inverted orientation can coexist with direct repeats in the same haplotype. The combination of these features is novel for animal mtDNAs. The brachiopod Lingula anatine also has an elaborate mtDNA repeat sequence structure. Nevertheless, the size of repeated segments in L. anatine are constant and all repeated elements are organized in the same orientation (ENDO et al. 2005) .
Possible molecular mechanisms involved in generating the repeat region:
The most commonly invoked mechanism to explain mtDNA size variation and gene rearrangement is the duplication-random loss model (MORITZ et al. 1987; MUELLER and BOORE, 2005) . In this model, a portion of the genome is duplicated due to replication errors. Those errors may include slippedstrand mispairing (LEVINSON and GUTMAN, 1987) , imprecise replication initiation or termination (BOORE and BROWN, 1998) , or illegitimate priming of DNA synthesis by a tRNA at the replication origin (JACOBS et al. 1989) . After duplication, and depending on the patterns of random repeated copy loss due to mutation in the absence of selective pressure, the original mtDNA gene order is either restored or altered. However, this duplication-random loss model cannot easily explain repeated elements positioned in a non-tandem fashion nor inverted in orientation.
Within T. cosgrovei mtDNA, repeated sequences are organized as non-tandem arrays in the two fully characterized haplotypes and some repeated segments are separated by as much as 7.6 kb (two A elements in haplotype II). Although it is possible for duplication-random loss model to explain this complicated architecture, this mechanism would require a large number of intermediates after extensive duplication. Moreover, the duplication-random loss model cannot easily account for the presence of inverted repeated units observed in the 1,555 bp HindIII fragment identified from the haplotype pool. Mitochondrial DNA recombination can explain such arrangements if mtDNA is broken and the excised region then re-inserted in the opposite orientation; mtDNA sequence translocation accompanied by inversion could be the end product.
Occurrence of recombination in animal mtDNAs was controversial (MORTIZ et al. 1987 ).
However, a growing literature from physical evidence (LUNT and HYMAN, 1997; KAJANDER et al. 2000; LADOUKAKIS and ZOUROS, 2001a; HOARAU et al. 2002; PASSAMONTI et al. 2003; D'AURELIO et al. 2004; KRAYTSBERG et al. 2004; GUO et al. 2006) , biochemical studies (THYAGARAJAN et al. 1996) , and quantitative genetics analysis (AWADALLA et al. 1999; LADOUKAKIS and ZOUROS, 2001b; PIGANEAU et al. 2004; TSAOUSIS et al. 2005; GANTENBEIN et al. 2005 ) from metazoa spanning large taxonomic distances suggests that intra-molecular and/or inter-molecular recombination can operate on animal mtDNAs. Recombination is now proposed to be a major underlying mechanism to generate highly rearranged mitochondrial genomes in numerous animal lineages (DOWTON et al. 2003; MUNDY and HELBIG 2004; MILLER et al. 2004; ENDO et al. 2005; SHAO et al. 2005; NOHARA et al. 2005) . Size-polymorphism, heteroplasmy, and mitochondrial genome rearrangement is a common feature among available Enoplean nematode mtDNA complete sequences including the family Mermithidae and stands in contrast to the conserved economization and stable gene orders that typify the Chromadorean nematodes (HE et al. 2005) .
Duplication, coupled with intra-or inter-molecular recombination, would be a plausible and parsimonious explanation for the complicated structure of the hypervariable region and occasional heteroplasmy in T. cosgrovei mtDNA and other mermithid nematodes. Such processes must occur frequently in order to generate and maintain such a rich polymorphism of mtDNAs of vastly different sizes within different T. cosgrovei individuals.
Origins and degeneration of repeated elements: Generally, when a gene is duplicated and multiple copies of the same gene coexist in one mitochondrial genome, one or more copies of the repeated gene are expected to evolve under relaxed selection pressure, retaining at least one functional copy. Therefore, sequence divergence among members in the same gene family can suggest the relative ages of the corresponding events.
In T. cosgrovei mtDNAs, several gene families and repeated elements have been defined within the hypervariable region that contribute to haplotype variation. For example, atp6 genes are repeated in four different forms. atp6-1 loci differ from functional atp6 copy in only 10 positions (~1.9%), indicating atp6-1 repeats may be products of a recent duplication of authentic atp6; atp6-2 repeats match precisely the first 217 bp of atp6-1, suggestive of a recent incomplete duplication of atp6-1. However, considerable degeneration must have occurred to convert the authentic atp6 gene, or atp6-1, into atp6-3 and atp6-4 repeats (79% and 83% similar to corresponding sites in atp6; supplemental Figure 1A at http://www.genetics.org/supplemental/).
The nad4 gene and nad4 repeat copies display an even lower level of nucleotide similarity at 68.3% (supplemental Figure 1C at http://www.genetics.org/supplemental/). With such substantial divergences, we may infer that the very first duplication of nad4 and atp6 genes to yield the nad4 and the atp6-3 and atp6-4 pseudogene copies are earlier events. atp6-4 is more similar to atp6-3 than to atp6, atp6-1 or atp6-2, implying that atp6-4 might be the consequence of amplification of atp6-3 and further deterioration. A+T-content of other repeated elements are similar to that of the constant region (64% to 74% vs. 72%), suggesting that these repeats might have also originated from within the mitochondrial genome but decayed beyond recognition. If so, the degree of substituion indicates that these duplication events were also quite early.
Low-level divergence between copies of the same repeated element in current haplotypes:
Although substantial divergences have been identified between functional atp6, nad4 genes and their putative pseudogene forms, sequence conservation is found at levels >99% among different copies of the same gene family members (e.g. all atp6-1 and nad4 copies) in T. cosgrovei mtDNA (Table 2 ). This is true for both coding and non-coding regions of the hypervariable segment. Such a high level of nucleotide conservation among repeats could be explained by two possible mechanisms; either these major duplications have occurred recently or concerted evolution mechanisms may be active to homogenize repeats, as suggested for R. culicivorax mtDNA (HYMAN and AZEVEDO, 1996) . In T. cosgrovei, the fact that virtually every individual nematode carries a different mtDNA haplotype and new haplotypes must be generated frequently, recent duplications appear to be the more plausible explanation for the low-level divergence between copies of the same repeat unit.
In addition, we have sequenced 4 kb PCR products from the common skeleton using templates derived from both pooled nematodes and from T. cosgrovei individuals. This expanse encompasses five protein-coding genes. Greater than 99.5% sequence identity was found among all these segments (data not shown). This evidence indicates strong selection is acting on the common skeleton to maintain the integrity and function of major coding genes.
Factors that may contribute to hypervariation and unique gene order: Previous research suggests that there may be a link between compact mitochondrial genomes and metabolic efficiency (SELOSSE et al. 2001) . In human cell lines, high levels of mitochondrial duplications lead to measurable reduction in respiratory chain efficiency (HOLT et al. 1997) . Thaumamermis cosgrovei, as well as other mermithid nematodes, are obligate parasites of invertebrates and have low metabolic requirements in their post-parasitic stage (NICKLE, 1972) . Such life history traits may be a factor in the evolution of the enlarged and hypervariable T. cosgrovei mitochondrial
genome.
An accelerated rate of mtDNA rearrangement associated with a parasitic life style has been
proposed (DOWTON and AUSTIN, 1995; CASTRO et al. 2002) . Factors suggested to impact rearrangements within parasite mitochondrial genomes include elevated speciation rates, increased rates of mutagen flux, and deficiency in mtDNA repair (CASTRO et al. 2002) .
Another possible factor in generating unique parasite mitochondrial genome architectures could involve horizontal gene transfer between the host and the parasite organelle genomes (DAVIS and WURDACK, 2004; ANDERSSON, 2005) . Armadillidium vulgare, the host of T. cosgrovei, also maintains an extremely unusual mitochondrial genome; the host mtDNA is structurally polymorphic, composed of 14-kb monomer and 28-kb dimeric circular molecules (RAIMOND et al. 1999) . However, mitochondrial gene order is not available for A. vulgare and it is not yet possible to access if there were gene transfers between mitochondrial genomes in this hostparasite interface.
Mitochondrial DNA strand nucleotide composition bias (CROZIER and CROZIER, 1993) 
